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Abstract: A new hot forming process of a hot-rolled 2205 duplex stainless/AH36 low-carbon
steel bimetal composite (2205/AH36 BC) was proposed in this study, using the Gleeble 3500
thermal-mechanical simulator and hot bending tools. The deformation characteristics of 2205/AH36
BC were studied by hot tensile tests at temperatures from 950 to 1250 ◦C and strain rates ranging
from 0.01 to 1 s−1. The tensile temperature has a great influence on the peak flow stress of the bimetal
composite. The main microstructure evolution mechanisms, including dynamic recovery (DRV)
and dynamic recrystallization (DRX), changed with the deformation temperatures. The different
strain rates and the change of strain rates during the deformation process have an influence on the
flow behavior of the bimetal composite. During the hot bending process, qualified parts could be
formed successfully without obvious cracks in the interfacial zone. Phase and grain orientation
spread (GOS) maps of specimens after hot tensile and forming tests were obtained by the electron
backscatter diffraction (EBSD) technique to study the microstructure evolution, respectively. It is
found that the effect of the working temperature on microstructure evolution is larger than that of the
stacking sequence for 2205/AH36 BC. The considerable geometrically necessary dislocation (GND)
accumulation occurs around the interface of 2205/AH36 BC under all imposed working conditions
after the hot bending process, due to the interfacial micro-defects and complex stress states.
Keywords: bimetal composite; microstructure evolution; formability; hot forming; duplex stainless
steel; low-carbon steel
1. Introduction
Demand for the multi-functionality and durability of engineering materials in worldwide industries
has increased greatly due to the gradually stricter environmental regulations, and bimetal and
laminated composites produced by two or more dissimilar constituent materials have become popular
for applications in many fields, such as automobile, aerospace and chemical pressure vessels [1–5].
The principal objective of developing bimetal composites is to combine the benefits of both constituent
materials for applications where the full-gauge alloy construction is not required. By combining,
for instance, a layer of high-manganese steel with a thick layer of high-strength steel, it is possible to
simultaneously benefit from the properties of the high-strength steel and the wear resistance of the
high-manganese steel. Generally, the thickness of explosive cladding or hot roll bonding composite
plates is not small, and the size of industrial products fabricated with these composite plates is often
Metals 2020, 10, 1375; doi:10.3390/met10101375 www.mdpi.com/journal/metals
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large [6,7]. The hard workability of medium-thickness bimetal composite plates is still a processing
challenge to produce final parts with acceptable geometries and properties. In an attempt to respond
to such a problem, the hot working processing of metals, including hot forming and forging [8–10],
is suitable and cost-efficient to be employed, in which the weak and ductile metals are deformed
instead of the strong state at lower temperatures.
The mechanical properties of the metal or alloys are mainly dependent on the thermo-mechanical
history and the microstructure after hot working [11,12]. Hot compression, tensile and torsion tests were
often adopted to investigate the hot deformation and microstructure characteristics of metals [13–19].
Cheng et al. [20] investigated the deformation behaviors of magnesium alloy based on hot tensile
tests. Li et al. [21] studied the flow softening of TC6 alloy during the hot tensile deformation process,
and they compared the flow behaviors of metals obtained from the hot tensile and compression tests,
respectively. Deng et al. [22] and Huang et al. [23] studied the hot tensile deformation and fracture
behaviors of AZ31 magnesium alloy and 42CrMo steel, respectively. Zhang et al. [24] developed
a modified Johnson–Cook constitutive model to simulate the dynamic tensile behaviors of 7075/T6
aluminum alloy based on the finite element (FE) method, and they indicated that the fitting of the
Johnson–Cook constitutive model can reflect the mechanical properties of 7075/T6 aluminum alloy
under different strain rates.
The study of microstructure evolution is another aspect to understand the deformation mechanisms
of metals. Generally, the flow behaviors of metals obtained from experiments contain four stages:
work hardening, transition, softening and steady stage [13]. In the first stage, the work hardening
rate exceeds the softening rate induced by dynamic recovery (DRV), and the stress increases at the
small deformation. In the transition period, the competition occurs between the work hardening and
softening effect resulting from DRV or dynamic recrystallization (DRX). In the softening stage, the stress
decreases quickly, resulting from the DRV or DRX. Finally, in the steady period, the stress becomes
stable, achieving a balance between work hardening and softening. Kopec et al. [11] presented a new
hot forming process adopting the cold forming tools and a hot blank to study the formability and
microstructure evolution mechanisms of Ti6Al4V alloy, and they found that the main microstructure
evolution mechanism included the recovery, phase transformation and recrystallization.
Although research has been done related to the hot deformation of metals and alloys,
the deformation characteristics of bimetal composites at elevated temperatures have still not been fully
investigated. The flow characteristics and microstructure evolution mechanisms of bimetal composites
are different from those of a single steel sheet or plate, due to the asynchronous deformation and
interaction effect between their constituent metal layers with different mechanical properties, such as
ductility and formability, during the hot forming process. It is necessary to have more knowledge and
understanding of hot forming and material behavior of bimetal composites, which enables the bimetal
or laminated composite to be adopted in industrial applications. In order to forward this aim, this study
presented an investigation of a hot bending process for the 2205 duplex stainless/AH36 low-carbon steel
bimetal composite (2205/AH36 BC) using a Gleeble 3500 thermal-mechanical test simulator. The hot
tensile tests were performed at temperatures ranging from 950 to 1250 ◦C with the strain rates ranging
from 0.01 to 1 s−1 to study the effects of hot working conditions on the hot deformation behavior of
the bimetal composite. The hot forming tests were conducted at the temperatures of 950 and 1050 ◦C.
Microstructure evolution after hot tensile and forming was analyzed using the scanning electron
microscope (SEM) and EBSD technique (JEOL, Tokyo, Japan). The FE method will also be employed to
obtain the stress and strain distributions of the bimetal composite after the hot bending process [25–28].
2. Experimental Details
2.1. Materials
A hot-rolled 2205/AH36 BC (Baoshan Iron & Steel Co., Ltd., Shanghai, China), consisting of a
2205 duplex stainless steel layer with the thickness of 3 mm and AH36 low-carbon steel layer with the
Metals 2020, 10, 1375 3 of 18
thickness of 8 mm, was employed in this study, as shown schematically in Figure 1a. The bonding
process between two materials was conducted under the combination of a high rolling reduction and an
elevated temperature (950 ◦C), and then water cooling treatment and annealing at 850 ◦C were carried
out, respectively. The nominal composition of the 2205 steel is Fe-21Cr-5.36Ni-3Mo-1.4Mn-0.62Si-0.024C
(wt.%), and the chemical composition of the AH36 steel is Fe-0.9Mn-0.5Si-0.4Ni-0.2Cr-0.18C-0.08Mo
(wt.%). The metallography of 2205/AH36 BC obtained by the optical microscope is shown in Figure 1b.
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Figure 1. (a) Schematic illustration of the hot-rolled 2205/AH36 bimetal composite (BC), and (b) the
observed metallography of 2205/AH36 BC.
2.2. Gleeble Thermal-Mechanical Testing
A Gleeble 3500 thermal-mechanical test simulator (Dynamic Systems Inc., Poestenkill, NY, USA)
was emp oyed to carry out the hot tensile test of 2205/AH36 BC over the elevated t mperature range
of 950–1250 ◦C and strain rate range of 0.01–1 s−1. The tensile specim ns, including a 2205 steel
layer (1.5 mm) an AH36 steel layer (1.5 mm), were cut from th 2205/AH36 BC plate, and the
dimensions of the dog bone-shaped specimens are shown in Figure 2a. The effective gauge l ngth with
a uniform temperature region is around 25 mm in this ork. The thermocouple was welded using
resist nce spot welding in th middle of the gauge length to monit the tes ing temperature during the
deformat on process, and the frequency of the temper tur measurement s 1000 Hz. Fi ure 2b,c show
the schematic diagram of the te ting installation and how the specimen was installed in the Gleeble
3500 simulator, respectively. The testing specim n was heated to the testing temperatures at a rate
of 10 ◦C/s and held for 90 s to homogenize the temperatur distribution, which then was proc eded
with the testing strain rates, until the specimen was completely broken, followe by q enching to
pr serve the el vated temp rature microstructure. In order to guarantee the repeatability each test
was conducted hree times.
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2.3. Hot Forming of Bimetal Composite
In order to investigate the deformation characteristics of the bimetal composite at elevated
temperatures, a new setup of hot bending, including a punch, a holder and clamps, was designed and
fabricated based on the Gleeble 3500 thermal-mechanical simulator (Dynamic Systems Inc., Poestenkill,
NY, US), as shown in Figure 3a. The size of the hot bending specimen is 80 × 20 × 6 mm, and the
thickness of 2205 steel and AH36 steel is 3 mm. As the relative position of the component layers has an
impact on the formability of the bimetal composite [29], two types of hot bending were conducted in
this study: (I) the AH36 steel layer is located inside of the bent specimen, contacting with the punch
during the deformation process; (II) the second condition is the reverse condition of the stacking
sequence where the 2205 steel layer is located inside of the bent specimen. Figure 3b shows how the
hot bending specimen was assembled in the Gleeble 3500 simulator. The thermocouple was welded in
the middle of the specimen’s other side which is not contacting with the punch during the bending
process. Tantalum and graphite foils were spot-welded and adhered, respectively, on the contact
surfaces between the specimen and tools to minimize friction and prevent bonding of the specimen
to the tools during deformation. The bending specimen was heated to the testing temperature at a
rate of 10 ◦C. Then, the bending deformation was performed after 90 s of the uniform temperature
distribution. The speed of the punch was 10 mm/min and the loading distance was 18.75 mm, and the
water quench was proceeded on the bent specimen immediately after the bending process.
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3. Results
3.1. Hot Deformation Characteristics of the Bimetal Composite
In order to investigate the formability of 2205/AH36 BC, the hot tensile tests were performed to
obtai the stress–strain curves of the metal composite specimens. The obtained stress–strain curves
at the strain rate of 0.01 for different elev ted temperatures are shown in Figure 4. It is noted that
the wo k g temperature has a great impact on the flow st s , decreasing with the increase in the
imposed t , but has little influence on the elongation of th bimetal compos te. The necking
points a 1050–1250 ◦C are imilar, except tha th necking position at 950 ◦C is slightly forward.
The re son is that the high dislocation mobility results in the increase in ductility at relatively hig r
temperatures [11]. T e multiple peaks of the flow stress occur t all temperatures under the strain
rate of 0.01 −1, i.e., the flow stress shows several minor peaks after it r ach s the highest peak (σpeak),
which is attributed to the several independent cycles of the dynam c r crystallizat on (DRX) softening
effect [30,31]. As the rearranged dislocation structures ar the basis of nucleation i the DRX process,
th relationship b tween the critical dislocation pile-up, which will trigger the occurrence of DRX,
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and the dislocation decrement during the deformation process determines whether the multiple peak
phenomenon occurs [32]. In addition, the occurrence of DRX can increase the limit strains for the
uniaxial and biaxial sides of the forming limit diagram [33], thereby assisting in improving the ductility
and formability of the bimetal composite.
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Except the working temperature, the strain rate is another factor which affects the formability of
steels at elevated temperatures. The flow stress–strain curves of 2205/AH36 BC at 950 ◦C under the
stain rates of 0.01, 0.1 and 1 s−1 are shown in Figure 5a. It is obvious that the peak flow stress increases
with the increase in the working strain rate due to the t o reasons: (i) the high strain rate increases
the barriers of dislocation motion during the i eformation; (ii) there is no sufficient time for
dislocati n an ihilation through the softening eff ct at the relatively high strain rate [34]. ill lead
to the higher forming force and more difficult deformation of the bimetal composite when the imposed
working strain rate is high in the forming process. During the deformation process, the magnitude of
peak stress is related to the work hardening (WH) rate, and the flow stress increases sharply when
the WH rate is higher than the softening rate induced by DRV at the initial small strain deformation
stage [13,18]. An analysis of the WH rate is best performed on a differential basis, and the WH rate is
expressed as [35]
θ =
∂σ
∂ε
∣∣∣∣∣ .
ε ,T
=
σi+1 − σi
εi+1 − εi
∣∣∣∣∣ .
ε ,T
(i = 1, 2, 3 · · · ) (1)
where σ, ε,
.
ε and T represent the flow stress, strain, strain rate and working temperature, respectively.
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The relationship curves of WH rate versus flow stress at 950 ◦C under different strain rates are
shown in Figure 5b. The critical stress for initiation of DRX (σcritial) is obtained from the first inflection
point in the θ − σ curve, and the approximately linear segment is extrapolated to θ = 0 using the
method of idealized curve [30,36], which is used to predict the saturation stress (σsaturation) resulting
from the DRV softening effect alone. The first intersection point of the θ− σ curve and the horizontal
line of θ = 0 represent the occurrence of peak stress (σpeak), and the second intersection of those lines
means the occurrence of steady stress (σsteady) or the second peak stress. Apart from the effect of
different strain rates on the flow stress, the change of strain rates during the deformation process has
an influence on the flow behavior of the bimetal composite. Figure 6a,b illustrate two conditions of
deformation conducted under transient loading conditions, in which the specimens of the bimetal
composite were deformed at a constant temperature of 950 ◦C with the varied strain rate from 0.01 to
0.1 s−1 or from 0.1 to 0.01 s−1, respectively. In Figure 6a, it is found that the magnitude of flow stress
after the change of strain rate from 0.01 to 0.1 s−1 is smaller than that of flow stress at the constant strain
rate of 0.1 s−1, and the possible reason is that the specimen has experienced the DRX softening process
of its first half of the low strain rate stage. On the contrary, in Figure 6b, the flow stress is higher after
the jump of strain rate from 0.1 to 0.01 s−1 than that at the same strain rate of 0.1 s−1, due to the lack of
a sufficient DRX softening effect at the front stage. Therefore, the flow stress of 2205/AH36 BC exhibits
opposite characteristics at elevated temperatures when the material experiences the different transient
loading conditions of the strain rate.
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from 0.1 to 0.01 s−1 at 950 ◦C.
In order to describe the dependence of flow stress on the imposed working conditions, a constitutive
model was developed to predict the deformation behavior of 2205/AH36 BC under different imposed
conditions base on experimental stress–strain curves and it can be used to set the material properties
of the bimetal composite in the numerical simulation of hot bending. The constitutive model presents
the relationship between the flow stress of the bimetal composite and processing strain rates and
temperatures, described as [37]
σ = σpeak
√
(1− e−Ωε) (ε < εc)
σ = σpeak (ε ≥ εc)
σpeak = 78.62× sinh
−1
(
0.000646·Z0.143
)
if Z ≥ 7.24158× 1025
Ω = 29732.6·Z−0.0896
Z =
.
ε exp
(
628900
RT
) (2)
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and 
σ = σpeak
√
(1− e−Ωε) (ε < εc)
σ = σpeak −
(
σpeak − σsteady
){
1− exp
[
−1.06
(
ε−εc
εp
)2.383]}
(ε ≥ εc)
σpeak = 78.62× sinh
−1
(
0.000646·Z0.143
)
σsteady = 78.62× sinh
−1
(
0.00184·Z0.12
)
Ω = 29732.6·Z−0.0896
εp = 6.21× 10−4·Z0.052
εc = 4.968× 10−5·Z0.052
Z =
.
ε exp
(
628900
RT
)
if Z < 7.24158× 1025
(3)
where Ω denotes the softening coefficient, Z is the Zener–Hollomon parameter of 2205/AH36 BC,
εc represents the critical strain and εp is the peak strain.
3.2. Microstructure Characterization after Tensile Deformation
EBSD maps in the fractured tip area were obtained to study the microstructure evolution
mechanisms of the bimetal composite, as shown in Figure 7a. The phase maps of the received specimen
and fractured specimens of 2205/AH36 BC tested at 950 and 1250 ◦C with the strain rate of 0.01 s−1
are shown in Figure 7b–d, respectively. The ferrite and austenite phases of the 2205 stainless steel
layer grow together, respectively, and the alternating distribution of phase bands changes from dense
to loose after the hot tensile tests. The volume fractions of the ferrite phase, obtained by the Oxford
Instruments Channel-5 software, increase after hot tensile tests at 950 and 1250 ◦C with the strain rate
of 0.01 s−1, reaching 63.3% and 61.3%, respectively, but the volume fractions of the austenite phase
decrease from 54.8% to 36.7% and 38.7%, respectively. Except the phase evolution, the DRX softening
mechanism is a main microstructure evolution of 2205/AH36 BC after the hot deformation process [32].
To partition DRXed grains from the unrecrystallized ones, a criterion that is often adopted based on
local misorientation is the grain orientation spread (GOS) [38,39]. The orientation spread is defined as
the misorientation angle between all the pixels in a grain, and GOS is the average orientation spread in
the grain. According to Allian-Bonasso et al. [40], the GOS of any grain i is given as
GOS(i) =
[
1
J(i)
]∑
j
ωi j (4)
where J(i) denotes the number of pixels in the grain i, andωi j is the misorientations angle between the
orientation of pixel j and the mean orientation of grain i. The high GOS value results from the deformation
and distortion of grains, but the GOS value is low in the DRXed grains with free deformation [41].
The threshold value for GOS to distinguish the DRXed and deformed grains varied between 1◦ and
2◦ in various metals [42,43]. Due to the co-existing two constituent steels in 2205/AH36 BC, the grains
with GOS ≤ 1◦ and GOS ≤ 2◦ for 2205 and AH36 steel layers are determined as recrystallized grains,
respectively, resulting from the grain statistics of individual steel after the hot deformation. In addition,
when the misorientations (δ) ≥ 2◦, the grain or subgrain boundaries are identified in the microstructure,
in which are the low-angle grain boundaries (LAGBs) with the 2◦ < δ < 15◦ misorientations and the
high-angle grain boundaries (HAGBs) with the δ > 15◦ misorientations.
The typical shape of the flow curve at 950 ◦C with the strain rate of 0.1 s−1 shows a transition state
between the DRV and DRX mechanisms, presented in our previous research [37], so that it is necessary
to observe the microstructure evolution under its circumjacent hot working conditions. Under this
circumstance, the inverse pole figure (IPF) and GOS maps of tip zones after hot tests at 950 ◦C with
the strain rates of 0.01 and 1 s−1 are shown in Figure 8. In GOS maps (Figure 8e,f), the DRXed grains
area is colored with gray, and the unrecrystallized region is colored with white. The partial area and
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interfacial area are basically recrystallized at 950 ◦C with the strain rate of 0.01 s−1 (Figure 8e), but the
DRX degree is small at the relatively high strain rate of 1 s−1 (Figure 8f).Metals 2020, 10, x FOR PEER REVIEW 8 of 18 
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3.3. Properties and Microstructure after Hot Forming
According to the deformation characteristics of 2205/AH36 BC during hot tensile tests, it is noted
that it has a good formability at elevated temperatures, and the imposed working temperatures and
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strain rates have a great influence on the material properties and microstructure evolution. The hot
bending tests were conducted to further verify the feasibility of the hot forming of 2205/AH36 BC.
Figure 9 shows the cross-section and SEM morphology of the bent parts after hot bending tests under
different working conditions. The parts could be formed under those conditions without delamination
and obvious cracks around the interface in the region of maximum deformation of all specimens.
In addition, the bent angles of specimens are different when the relative positions of constitutive steel
layers are opposite at the same working temperature (950 ◦C), i.e., the bent angle (ϕ1) of the 2205
steel layer outside is smaller than the angle (ϕ2) of the 2205 steel layer inside contacting the punch.
The reason is that the relatively weak AH36 steel layer deforms easier when it is compressed by the
punch compared with the 2205 steel layer, and this phenomenon has been reported in previous research
at room temperature [29]. Moreover, the temperature has less effect on the bent angle of specimens
when the layer stacking sequence is the same, i.e., the bent angle (ϕ1) at the bending temperature of
950 ◦C is similar to the bent angle (ϕ3) at the working temperature of 1050 ◦C.
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Figure 9. (a) The bent model of 2205/AH36 BC, and the SEM morphology of the bent mid-section, (b) at
950 ◦C with the outside 2205 steel layer, (c) at 950 ◦C with the inside 2205 steel layer and (d) at 1050 ◦C
with the outside 2205 steel layer.
The phase, IPF and GOS maps of deformed specimens around the interface marked with the
red rectangle in Figure 9 were obtained by the EBSD technique after hot bending. There is no
obvious change in the alternating phases of the 2205 steel layer at the imposed temperature of 950 ◦C
(Figure 10(a1,b1)), even though the 2205 steel locating at different positions experienced opposite
deformation states, i.e., in compression and in tension, respectively, but the ferrite and austenite phases
begin to gradually merge together at the bending temperature of 1050 ◦C (Figure 10(c1)). Referring to
IPF maps, the equiaxed grains without subgrains are dominant in the AH36 steel layer, but the grains
of the 2205 steel layer keep the long shape with many subgrains at the temperature of 950 ◦C. On the
contrary, the grains in the 2205 steel layer gradually grow into equiaxed ones, and so e subgrains
occur in the large-size grains of the AH36 steel layer. This indicates that the effect of the working
temperature on the microstructure evolution is larger than that of the stacking sequence for the bimetal
composite during the hot bending process. In order to delineate the DRXed area, the grains were
analyzed based on GOS maps, which support the evolution trend of grains observed in IPF maps.
According to the GOS maps, it is found that the DRXed area of the AH36 steel layer is larger than that
of the 2205 steel layer after hot bending at 950 ◦C, but this trend is opposite for the bent specimen at
1050 ◦C.
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Figure 10. The phase, orientation map IPF-Z direction, IPF and GOS maps of specimens after hot
bending: (a1–a4) at 950 ◦C with the outside 2205 steel layer, (b1–b4) at 950 ◦C with the inside 2205 steel
layer and (c1–c4) at 1050 ◦C with the outside 2205 steel layer. LAGBs = gray, HAGBs = black.
Apart from the microstructure evolution of bent specimens, the micro-hardness tests based on
the Matsuzawa automatic hardness test system were conducted on the deformed parts to evaluate
the post-form mechanical properties of the as-formed specimens. The micro-hardness measurement
scheme, micro-hardness cartography maps and comparison of the mean micro-hardness under different
working conditions are shown in Figure 11, respectively. There are nine points for each column (three
columns) used to obtain the micro-hardness value of specimens across the interface from the 2205 steel
layer to the AH36 steel layer. The distribution of the micro-hardness value around the interface of
deformed parts is not as uniform as that of the received specimen, due to the pile-up of dislocations
and microstructure evolution after the hot bending deformation. Moreover, the micro-hardness values
of the AH36 steel layer increase after the hot deformation under three working conditions compared to
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the received one, but this trend is opposite for the 2205 steel layer. The micro-hardness value of the
2205 steel layer of the deformed specimen is lowest at 1050 ◦C, which matches the phenomenon of the
large area of DRXed grains in the 2205 steel layer, as shown in Figure 10(c4).
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4. Discussion
4.1. Effects of Working Conditions on Forming Force
The results of the microstructure evolution and micro-hardness of deformed parts under different
imposed conditions were provided in the previous section, and it is also necessary to discuss the effects
of working conditions on the macroscopic properties of specimens during the forming process, such as
the forming force, which is an important reference for industrial production [6]. Although there is
no obvious microstructure difference of post-form parts with the exchanged stacking sequence at the
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working temperature of 950 ◦C, as shown in Figure 10, the forming forces under these two conditions
are different. The force magnitude is larger with the relatively stronger 2205 steel layer outside than
that when the 2205 steel layer is positioned inside, as shown in Figure 12, and this phenomenon was
reported by previous research at room temperature [6]. The possible reason is that the stronger 2205
steel layer is outside, in which most regions are under stretching and thinning conditions, so that more
forming energy and forces are required during the hot bending process [44]. Moreover, the influence of
the working temperature on the forming force is more significant. As shown in Figure 12, the loading
force is very small when the imposed temperature is 1050 ◦C compared to those with the working
temperature of 950 ◦C, and it even becomes zero before the punch reaches the setting deformation
destination (∆t). This matches the trend that there is also a great stress gap between the working
temperatures of 950 and 1050 ◦C at all strain rates in the hot tensile tests [37].
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Figure 12. The loading force of specimens under different forming conditions.
In addition, it is noted that the forming force experienced a second increase (∆F) in the later
stage of the hot bending process at the working temperature of 950 ◦C with the outside 2205 steel
layer. The reason is that the neutral plane passed the bonding interface of the bimetal composite
during the bending process, resulting in the change of the deformation situation of two steel layers [29].
The neutral plane is defined as the critical plane of tensile and compressive zones with a bent beam or
plate, so that the inner surface is in compression and the outer surface is in tension. The position of
the neutral plane slowly approaches the inner radius (ri) with the increase in the relative curvature
(κ). The non-dimensional parameter relative curvature κ = (ry − ri)/rm is regarded as a measure of
bending extent, where ry is the outer radius and rm = (ri + ry)/2 is the current radius of the central plane.
Figure 13 shows how the ten originally equidistant segments and particular planes move during the
bending process under two conditions. The (r − ri)/t0 is determined as the relative position of any
segment across the thickness of the plate, where r represents a particular segment radius and t0 is
the original thickness of the plate. There is one intersection point between the bonding interface and
neutral plane, as shown in Figure 13a, after which the forming force starts to increase again. On the
contrary, there is no intersection point at the working temperature of 950 ◦C with the inside 2205 steel
layer, as shown in Figure 13b, so that no obvious second increase in the forming force can be observed
under this working situation.
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Figure 13. Position distributions of each segment with the increasing relative curvature at the hot
working temperature of 950 ◦C: (a) with the outside 2205 steel layer, and (b) with the inside 2205
steel layer.
4.2. Interfacial Heterogeneity under Different Hot Forming Conditions
Compared with a single metal or alloy, 2205/AH36 BC has two different metals and a unique
bonding interface. T e heterogeneity in grain size, strength, texture and softening mechanism between
the 2205 a d AH36 steel layers makes them mechanically incompatible uring the hot forming
process, w ich may result in an inconsistent microstructure evolution acr ss the interface, affecting
the mechanical properties of formed parts. As the microstructure heteroge eity is related to the
accumulation of geometrically necessary dislocations (GNDs) during the plastic deformation [45], it is
necessary to investigate the accumulation of GND density after the hot deformation near the interface.
The calculation method of GND was proposed by previous research [32], and Figure 14 shows t e
GND density distribution apping around the interface under different situations. It is noted that
t e pile-up of GND mainly occurs in the austenite phase of the 2205 steel layer with the face centered
cubic (FCC) structure at the for ing temperature of 950 ◦C, and the reason is that the annihilation of
dislocations mainly occurred in the co-existing softer ferrite phase with the body centered cubic (BCC)
structure during the hot deformation process. The mean value and statistical distributions of GND
de sity are shown in Fig re 15, respectively, for the bent specimens at the working temperature of
950 ◦C with the outside 2205 steel layer. It is found that the average value of GND in the austenite
phase is higher than that in the ferrite phase. However, this phenomenon is not that obvious at the
working temperature of 1050 ◦C, due to the occurrence of sufficient DRX softening effects, matching
the trend of the GOS map in Figure 10(c4).
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bimetal composite. Those defects could act as the dislocation source to develop the high pile-up of 
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Figure 15. (a) Statistical distributions of GND density in the austenite phase, and (b) statistical
distributions of GND density in the ferrite phase after hot bending at the working temperature of
950 ◦C with the ou side 2205 steel layer.
Moreover, the high accumulation of GND density around the interface was observed under all
conditions after the hot deformation. There could be two reasons for this phenomenon: (i) some
small cracks o other defects, as a result of the hot rolling process, are p on to form on the interface
of the bimetal comp sit . Those defects could act as the dislocation source to develop th high
pile-up of GND density du ing the hot f rming process [46]; (ii) th stress states of th deformed
zone, i.e., in compressi n or in tensi n, are different around the interface between t e two steel layers,
generating the ifferent direc ions of material flow and equival nt pl stic strain, as shown in Figure 16,
and two different s els may affect each other at t i terf c , resulti g in the sh ar str s fi ld [32].
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5. Conclusions 
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Figure 16. (a) The flow directions of different steel layers around the interface during the hot bending
process, and (b) the distribution of the equivalent plastic strain of the bent specimen along the
rolling direction.
5. Conclusions
The deformation characteristics and microstructure evolution of hot-rolled 2205/AH36 BC during
the hot tensile and h t forming processes were investigated in this study. T e main conclusions of this
research are drawn as follows:
(1) The multipl -peak flow stress of 2205/AH36 BC occurs at a relatively low strain rate, and
the peak flow stress increases ith the increase in the w rking s rain rate. When the 2205/AH36 BC
experienced different tran ient loading onditions of the strain rate, the flow stress of
hibits opposite characteristics at elevated temperatures.
(2) Phase and GOS maps of sp cimens after hot tensile and forming tests were obtained to study
the microstructure evolution, res tiv ly. It is found that the effect of the working temperature on
microstructure evoluti n is larg r than that of the stacking sequenc for 2205/AH36 BC during the hot
bending process.
(3) The GND density of the austenite phase in the 2205 steel layer shows a high level at the
forming temperatur of 950 ◦C. The co siderable GND accumulation occurs around th interfac
of 2205/AH36 BC nder all impos d working conditions after the hot bending process, due to the
interfacial micro-def cts and complex st ess states.
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